A novel class of geldanamycin (GA) derivatives as hepatitis C virus (HCV) replication inhibitors has been synthesized and their anti-HCV activities were evaluated in GS4.3 HCV replicon cells. Most of the synthesized compounds demonstrated potential activities against HCV in vitro. Substitution with an aliphatic cyclic group (2b) and polar phosphate group (2f) at the 17 position of GA resulted in more potent inhibitory activity. The configurations of the tetrahydrofurfurylamino (THFM) substituents obviously affected their antiviral activities. The 2b with a 2¢-(R)-THFM group at the 17 position showed much potent activity and higher selectivity than its 2¢-(S) and 2¢-(R, S) epimers. In the tested GA derivatives, 2b and 2f show the most potential leading compounds for development of novel anti-HCV agents.
INTRODUCTION
Approximately 3% of the worldwide population is infected with the hepatitis C virus (HCV), 1 but a protective vaccine against HCV does not exist and many patients do not qualify or tolerate standard therapy, which consists of a combination of pegylated interferon (IFN) and ribavirin (RBV). 2 Therefore, more effective novel therapeutic strategies are needed.
Recent advances in the understanding of the HCV genome organization, life cycle and the development of HCV replicons and infectious viral particles in tissue culture systems have enabled the rational evaluation of agents that may inhibit HCV replication. 3, 4 NS3/4A protease and NS5B polymerase, which are viral enzymes, are currently the most promising targets for discovery of specific HCV inhibitors, and several compounds have already been tested in the clinic, although their ultimate clinical utility is still under investigation. [4] [5] [6] Other HCV enzymes, helicase, NS2 protease and NS5A, have also been identified as therapeutic targets. [4] [5] [6] However, almost all compounds designed as new therapeutic targets against HCV (STAT-C) have been found to generate drug resistance. 4 Recent research has shown that intracellular cofactors are the most promising targets for the design of specific drugs that reduce the resistance to virus. 7 Several viruses require viral and host molecular chaperones for entry, replication and assembly, as well as for other steps in viral production. 8, 9 Recently, Hsp90 was found to be able to bind to human FKBP8 and form a complex with HCV NS5A. It was identified that the interaction between FKBP8, Hsp90 and HCV NS5A is essential for HCV replication. 10 This suggested that Hsp90 may be a promising target to inhibit HCV replication, and inhibition of Hsp90 could provide a feasible therapeutic strategy for the treatment of HCV infection. 9, 11 Geldanamycin (GA) and its derivative 17-DMAG, both well known Hsp90 inhibitors, are highly effective in suppressing HCV genome replication in HCV-infected chimeric mice with humanized livers. 11 These results indicated that GA should be a good lead compound for developing new agents for combating HCV infectious disease.
In this paper, a series of novel 17-substituted GA derivatives were synthesized and their ability to inhibit HCV replication was evaluated in GS4.3 HCV replicon cells. Their structure-activity relationships against HCV were also investigated.
RESULTS

Chemistry
Different substitutes were connected to positions 17 and/or 19 of the ansa-framework of GA. A total of 13 novel GA derivatives, 11 derivatives substituted with different cyclic groups at the 17 position, one substituted with a phosphate group at the 17 position and one bis-substituted derivative at both the 17 and 19 positions, were synthesized from GA and the corresponding amine.
As shown in Scheme 1, the synthesis of GA derivatives with a single substituted group at the 17 position (compounds 2a-2k) was performed by a one-step reaction of GA with the appropriate amine with or without the presence of a basic reagent such as triethylamine in chloroform. 12 To a solution of GA and 2.0 eq Et 3 N in 20 ml of chloroform, 1.5 eq of amine was added. The reaction mixture was stirred overnight at room temperature and monitored by TLC. When the reaction was completed, the mixture was filtered. The filtrate was concentrated on a rotary evaporator, and the residue was dissolved in ethyl acetate, then they were sequentially washed with water, 1 M aqueous hydrochloric acid, saturated aqueous sodium bicarbonate and saturated aqueous sodium chloride. The organic solution was dried over anhydrous sodium sulfate, filtered and evaporated to dryness, purified by recrystallization with acetone/ ether (1/1.2, v/v) and the target compounds were obtained as purple solids (yield 50-80%).
The 17-and 19-bis-substituted derivative 3 was obtained using compound 2 as the starting material following a similar procedure to that used to synthesize the compounds with a single substitution at the 17 position, except that the reaction was maintained for a longer time in the presence of excess amine. All of the products were purified by recrystallization with acetone/ether (1/1.2, v/v).
The preparation of 2l was similar as described in Scheme 2. The substitution at position 17 in compound 2l was composed of nicotinic acid and ethyldiamine, and the synthetic procedures are shown in Scheme 2. To conserve the starting material GA, the amino side group containing the nicotinic acid moiety was synthesized first and this was connected with GA in the last step. Nicotinic acid was reacted with thionyl chloride to obtain the corresponding acyl chloride. The acyl chloride reacted with the N-protected ethyldiamine that produced the N-protected amide. This amide was deprotected to the amino group under acidic conditions. Finally, the nicotinic acid portion was combined with GA to obtain the target product 2l.
The structures and purities of 2a-3 were determined by 1 H NMR, MS and HPLC. MeOH Scheme 2 The synthetic procedure for 2l.
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Pharmacological results
Effect of GA derivatives on HCV replication in HCV replicon cells. The anti-HCV activity of all synthesized compounds was assessed in GS4. 3 HCV replicon cells, a human hepatoma HuH-7 cell line carrying an HCV subgenomic replicon ( Figure 1 ). 11 Intron A (IFN-a-2b) and RBV were used as positive controls, and the results are summarized in Table 1 . In this work, the IC 50 and CC 50 of compounds 2a-3 were determined. All of the tested compounds showed inhibitory activity against HCV RNA replication in a dose-dependent manner ( Figure 2 ) in GS4.3 HCV replicon cells. The inhibitory activity of compounds 2b, 2d, 2f, 2g, 2h and 2i were more potent, especially compound 2f (IC 50 of 0.0024 mM), which was a better inhibitor of HCV RNA replication than the lead compound GA (IC 50 of 0.0048 mM). RBV showed very limited inhibitory activity compared with the lead compound GA in our test. Intron A inhibited HCV RNA replication (IC 50 of 4.59 U ml À1 ) under the test conditions. Bis-substitution at the 17 and 19 positions of GA (compound 3, IC 50 is over 58 mM) obviously reduced anti-HCV activity.
The cytotoxicity of most of the tested derivatives was highly decreased compared with the lead compound GA. At the same time, compounds 2b, 2d, 2f, 2h and 2k showed better selectivity than GA. The results also showed that 17-tetrahydrofurfurylamino (THFM) derivatives (2b, 2c and 2d) suppressed replication of the HCV RNA in cells in a configuration-dependent manner (Figure 2 ). The IC 50 against HCV replication in the cells were 0.029 mM for 2b, 0.367 mM for 2c and 0.077 mM for 2d. Compound 2b, with a 2¢-(R)-configuration THFM group, showed much stronger inhibitory activity and higher selectivity than its epimer 2c and racemic body 2d. The S-epimer (2c) resulted in more toxicity rather than antiviral activity. The calculated selected indices were 10.8 for 2b, 2.4 for 2c and 6.6 for 2d.
Synergistic inhibition of HCV RNA replication by 2b with Intron A in GS4.3 HCV replicon cells. Because of its critical role at all stages of therapy, pegylated IFN is likely to remain the cornerstone of HCV therapy. 2 In any case, drug combinations will be required for treatment of HCV, similar to what has been shown for HIV. 6 Therefore, we evaluated the combination of IFN and 2b. Like RBV, 2b exhibited significant synergistic inhibition of HCV RNA replication in the presence of IFN in GS4.3 HCV replicon cells. It is possible that they act synergistically by both decreasing HCV replication and interfering with the ability of HCV to evade the mediators of IFN action.
To ascertain the potential for direct synergy of antiviral effects between Intron A and Hsp90 inhibitor, we selected the relative potent active compound 2b from the synthesized compounds to test its anti-HCV synergistic effects with Intron A in HCV replicon cells. RBV was used as a positive control because it can directly inhibit HCV replication in cells and has synergistic effects with IFN. 13, 14 As discussed above similar to RBV, 2b provided a significant improvement in the rate of inhibition of viral replication in comparison with that of Intron A alone (Table 2 and Figure 3) . Unlike targeting virus proteins as possible antiviral therapies for HCV (STAT-C), such as protease inhibitors and polymerase inhibitors, 2b targets on the host factor Hsp90, which may not be plagued by the twin problems of viral diversity and escape mutations that interfere with the effectiveness of conventional antiretroviral drugs. Compound 2b may also reduce the required dosage of IFN, which in turn may decrease the adverse effects associated with treatment with IFN. Therefore, 2b may be a promising lead candidate for the development of new antiviral drugs, especially when combined with IFN.
DISCUSSION
SAR analysis
By examination of the relationships between the structure and the anti-HCV activity of the tested compounds, some general conclusions can be drawn as follows: (i) A 17-substituted GA derivative with a phosphate group (2f) showed increased inhibitory activity towards suppressing HCV replication. (ii) Varying the 17 position cyclic substituents exhibits obvious effects on their HCV inhibitory activities. Compounds where the 17 position was substituted with aromatic cyclic groups (that is, 2a, 2e, 2k and 2l) were less potent than where the 17 position was substituted with an aliphatic cyclic group (that is, 2b, 2c, 2d, 2g, 2h, 2i and 2j). (iii) The configuration of the substituent at the 17 position of GA affects their antiviral activities. For 17-THFM GA derivatives, the substituent with a 2¢-(R)-THFM group (compound 2b) was a better inhibitor and had higher selectivity than its 2¢-(S)-epimer 2c and 2¢-(R,S)-diasereomixture 2d. The S-epimer (2c) was found to have increases toxicity rather than increased antiviral activity. In summary, a series of novel GA derivatives were prepared and their inhibitory activities towards HCV replication were evaluated in GS4.3 HCV replicon cells. Most of the synthesized compounds were demonstrated to possess potent activities against HCV in vitro, except 17-and 19-bi-(R)-THFM-substituted compound 3. The selected indices of compounds 2b and 2f were similar to 17-DMAG, one of the effective derivatives on HCV replication. 11 The substitution at the 17 position of GA with a polar phosphate group (that is, 2f) and an aliphatic cyclic group (that is, 2b, 2c, 2d, 2g, 2h, 2i and 2j) is helpful for improving anti-HCV activity. The configurations of the substituent at the 17 position can obviously affect their antiviral activities. Consistent with 17-DMAG, this class of compounds possesses synergistic effects with Intron A towards inhibiting HCV replication. Compound 2b provided a significant improvement in the rate of inhibiting viral replication in comparison with that of Intron A alone. This work demonstrated that several novel anti-HCV agents targeted on Hps90 can be obtained from modifications of GA. Compounds 2b and 2f were similar to 17-DMAG and had especially potential activity towards inhibiting HCV RNA replication compared with the lead compound GA. They both represent potential leads in the development for new anti-HCV drugs.
METHODS
General experimental procedures
GA was provided by the Shanghai Institute of Pharmaceutical Industry. Unless noted otherwise, all reagents and solvents were purchased from commercial sources and used without further purification. The 1 H NMR spectra were recorded in CDCl 3 or CD 3 OD solution with a Varian Inova 400 or 600 MHz spectrometer (Varian, San Francisco, CA, USA). Chemical shift is reported in parts per million relative to tetramethylsilane as the internal standard. Melting points were determined with a X 6 microscope melting point apparatus and were uncorrected. FAB and ESI mass spectra were recorded on an Autospec UltimaTOF mass spectrometer (Micromass UK, Manchester, UK). TLC was performed on precoated aluminum sheets of silica gel 60 F254 (Merck, KGaA, Darmstadt, Germany). Flash chromatography was performed on silica gel, eluted with 1-5% MeOH in dichloromethane. HPLC analysis was performed on a Shimadzu 10Avp HPLC system (Shimadzu Corporation, Tokyo, Japan) equipped with a Shimadzu C18 column (5 mm, 4.6Â250 mm, Shimadzu Corporation). The mobile phase consisted of water (containing 0.02 mol l À1 KH 2 PO 4 ) and MeOH (20/80), flowing at a rate of 1.0 ml min À1 , and analytes were detected by UV absorption with detection at 332 nm. The percent purity of the tested compounds was 496% using a HPLC area normalization method. Optical rotation activity was measured on a Autopol IV-T Automatic Polarimeter (Rudolph research analytical, Hackettstown, NJ, USA) with detection at 436 nm in anhydrous MeOH at 20 1C, the special optical rotation [a] 436 20 of GA was +247.7 1 (c¼0.0166, CH 3 OH).
17-[2¢-(Thiophen-2¢-yl)ethanamine]-17-demethoxygeldanamycin (2a).
To a solution of GA (500 mg, 892.9 mmol) and 2.0 eq Et 3 N in 20ml of CHCl 3 , 1.5 eq of 2¢-(thiophen-2¢-yl)ethanamine was added. The reaction mixture was stirred overnight at room temperature and monitored by TLC. When the reaction was completed, the mixture was filtered. The filtrate was concentrated on a rotary evaporator, and the residue was dissolved in EtOAc, washed sequentially with water, 1 M aqueous hydrochloric acid, saturated aqueous sodium bicarbonate and saturated aqueous sodium chloride. The organic solution was dried over anhydrous sodium sulfate, filtered and evaporated to dryness, giving a purple solid which was further purified by recrystallization with EtOAc/ether to yield 2a 301 mg (yield 51%) as a purple solid (HPLC purity: 96.7% The following compounds (2b-2k) were obtained in an analogous way. Tert-butyl-2-nicotinamido-ethylcarbamate (5). Nicotinic acid 1.8 g (0.015 mol) was suspended in 5 ml of methylene dichloride. Thionyl chloride 4.4 ml was added. The mixture was refluxed under N 2 for 5 h. After the white solid was transformed into an acicular crystal, the mixture was filtered, and the filter cake was washed with methylene dichloride and nicotinoyl chloride (4) was obtained.
17-(2¢-(R)-THFM)-17-demethoxygeldanamycin (2b
The nicotinoyl chloride produced above, in 5 ml triethylamine, was added to a mixture of 2 ml dichloromethane and 2 ml tetrahydrofuran, containing N-Boc-ethylendiamine 0.16 g with stirring at room temperature under N 2 . The reaction solution was filtered after 2 h, concentrated in a rotatory evaporator and purified by flash chromatography on silica gel to give tertbutyl-2-nicotinamido ethylcarbamate (5) (yield 75% 
